The present study investigates the vibration and sound radiation by panels exited by turbulent flow and by random noise. Composite and aluminum panels are analyzed through a developed analytical framework. The main objective of this study is to identify the difference between the vibroacoustic behaviour of these two types of panels. This topic is of particular importance, given the growing interest in applying composite materials for the construction of aircraft structures, in parts where aluminum panels were traditionally being used. An original mathematical framework is presented for the prediction of noise and vibration for composite panels. Results show the effect of panel size, thickness of core, and thickness of face layers on the predictions. Smaller composite panels generally produced lower levels of sound and vibration than longer and wider composite panels. Compared with isotropic panels, the composite panels analyzed generated lower noise levels, although it was observed that noise level was amplified at certain frequencies.
Introduction
The shift towards composite aircraft fuselage and wing structures and the overall use of new concepts of materials in aircraft manufacturing carry the need of a better understanding of structural and acoustic behaviors associated with these types of materials. The present study provides a novel analytical framework for the prediction of the vibroacoustic behaviour of composite panels. Previous models were developed and validated by the author aiming at the prediction of the vibroacoustic behaviour of flow-excited isotropic panels [1] [2] [3] [4] . The present work adds a step forward to the previous models, by advancing the predictive models towards the application and analysis of composite panels' behaviour. As also shown in previous analysis, the mathematical approach presented has the ability to provide the fast and accurate prediction for various kinds of structural panels, specifically varying panels' structural properties, panels' size, thickness, number of layers, and airflow regimes. With the growing interest in composite materials in several fields, the research presented in this study can be useful for a broad range of applications, such as aerospace applications, automotive industry, civil engineering, and high-speed boats, in which the mechanical behaviour of the material should be well understood.
This study considers the case of a turbofan aircraft at cruise flight conditions, a situation in which interior noise levels are governed by the transmitted turbulent boundary layer noise into the cabin. It is known that chronic noise pollution exposure can cause hearing loss, and sleep and speech interference. In this context, it is desired that the fuselage structure provides appropriate noise attenuation so interior noise levels are within reasonable levels. This proper noise attenuation can only be achieved if the fuselage structure, hence fuselage panels, has appropriate strength, mass, and damping properties. Therefore, a need exists to better understand noise transmission properties of composite structures, such that they can be safely applied to aircraft.
The panels are considered to be simply supported in their four edges and excited by the turbulent boundary layer (TBL). Different composite structures were studied. As in [1] [2] [3] [4] , a combination of the Corcos model [5, 6] and Efimtsov model [7] was used to provide the TBL excitation to the panels and results obtained for the power spectral density (PSD) of the panels' vibrational and acoustical responses. Therefore, this study provides an original approach to the dynamical 2 Shock and Vibration response behaviour of composite structures, which is typically obtained only for free vibration conditions or for an acoustic sine wave harmonic excitation, as discussed in more detail in the following paragraphs. Previous studies have been conducted to understand the dynamic, vibration, and noise radiation properties by composite panels; however, most studies did not consider the turbulent flow excitation in the analysis.
Early studies [8, 9] have been established to compute the dynamic properties of laminated plates. In these studies, closed form exact solutions have been presented to calculate the natural frequencies of orthotropic, antisymmetric angle-ply and antisymmetric cross-ply laminated plates, with simply supported edges. One of the most popular methods to obtain approximate solutions for the frequencies of an orthotropic plate is the Rayleigh-Ritz method. Several authors [10] [11] [12] [13] have investigated analytical methods to determine the sound transmission loss of sandwich structures, considering the case of an infinite plate excited by a plane wave. Later, in [14] , these studies were extended for the prediction of sound transmission loss of infinite sandwich composite panels excited by a diffuse field. Two models were developed and compared: a symmetrical laminate composite and a discrete thick laminate composite.
Few studies have also been published focusing on the acoustic behaviour of finite sandwich structures. In [15] , an analytical method is proposed to evaluate the sound insulation behaviour of sandwich panels containing two orthotropic cover plates and a core. In [16] , a variational model, using the Rayleigh-Ritz method, is presented for the vibroacoustic analysis of a plate covered by a free or a constrained viscoelastic layer, immersed in either a light or a heavy fluid. The study in [17] presents a numerical method for the prediction of the acoustic and vibration responses of sandwich panels, based on the finite element formulation and coupled to a variational boundary element method to account for fluid loading. The plates were excited by acoustic plane waves or by a diffusive sound field. The main disadvantage of this method was the high computational time associated with the finite element discretization procedure. In a later study [18] , the same authors presented a more efficient formulation based on a modal approach to analyze the vibration and acoustic behaviours of damped sandwich panels, subjected to mechanical and/or acoustic harmonic excitations.
The numerical techniques using either one or the combination of finite element method (FEM) with boundary element method (BEM) have been widely used for the purpose of identifying sound transmission characteristics of composite panels, for example, in [19] [20] [21] . However, in the high frequency analysis these methods often require a large number of FEM/BEM meshes, ultimately resulting in high computational costs. In [22] , a hybrid analytical one-dimensional finite element method is derived, which uses FEM approximation in the thickness direction and analytical solutions in the plane directions, thus reducing the number of finite elements required. In this context, the present study addresses this problem through an analytical approach. Empirical models are used to provide the TBL flow excitation, while the radiated sound power is calculated by integrating the panel's structural vibration response, obtained from the analytical model. The model can be applied for a large variety of composite panels, and a large number of panel layers' configurations, with the advantage of providing an accurate and fast prediction without high computational costs. Results for the acoustical and vibration responses are shown for composite panels excited by the turbulent boundary layer and by a random excitation, which, as referred earlier, is a case study that was not investigated previously. A discussion is then presented on the comparison of the vibroacoustic behaviour of composite panels compared to traditional isotropic panels.
Theoretical Formulation
Consider the composite plate as shown in Figures 1 and 2 . Each layer is considered to have an arbitrary thickness, ℎ , and material properties, which may be defined by the user. The plate is assumed to be simply supported in all four boundaries, and the ( , ) is its reference plane. The top surface of the sandwich panel is excited by turbulent flow or by random noise, as explained in more detail in the following section. Additionally, panel displacements are assumed to be small compared with the thickness of the panel.
Plate Governing Equations.
From the theory and equations of mechanics of laminated composites, the displacement components , V, and at a given point in the plate, Shock and Vibration respectively, in the , , and directions (as in Figure 2 ), can be written as follows:
in which 0 and V 0 denote the displacements of the midplane of the plate in the and directions, respectively. The strains in the plate can then be written as functions of the displacement as follows in the vector form:
The above equations are all written in the global coordinate systems ( , , ). Stresses in the ply or lamina coordinate system (1, 2, 3) can then be written with relation to the stresses in the plate coordinate system as follows: , (4) and is the angle between the plate global coordinate system and the th ply coordinate system, as shown in Figure 3 . Similarly, for strain, one can write
Additionally, stress and strain components in the ply coordinate system are related through the reduced stiffness matrix, [ ], as follows:
in which
where 1 and 2 are the th ply elasticity modulus in the longitudinal and transverse direction of the fibers, respectively, ] 12 and ] 21 are Poisson's ratios for the th ply, and 12 is the th ply shear modulus. Combining (3) through (11) , one can write the following relationship relating stress and strain in the plate coordinate system, based on each ply reduced stiffness matrix components and transformation matrix components:
where 
in which = cos and = sin . By definition, the equilibrium equation for the differential plate element is defined as function of the stress and moment resultants, as follows:
in which = − ext ( , , ) is the external pressure applied to the panel due to the fluid flow or the random excitation, is the density of the th ply, and the stress resultant and moment resultant components are defined as functions of the stress components, respectively, as follows:
After substituting the stress components defined by (12) into (21) and making use of (14) through (19) , then (20) can be transformed to the following form, as function of the plate displacement : 
Each panel in the present study aims to represent the distance between adjacent stringers and frames in an aircraft fuselage; hence each individual panel is assumed to vibrate independently. In addition, since panels are considered to be flat and simply supported in all four boundaries, the panel's displacement can be defined as follows [23, 24] :
where ( ) and ( ) are the spatial functions, defining the variation of ( , , ) with and , respectively, ( ) are the temporal functions, defining the variation of ( , , ) with time, and = × is the total number of plate modes ( , ) considered. For simply supported plates, the spatial functions may be defined as follows:
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Developing (22) by considering (23) to (25), making use of the orthogonality of the plate modes, and integrating over the plate area, similarly to the mathematical approach followed in [4] , the equilibrium equation for an orthotropic plate is written in the matrix form, as
where
and [ ] are mass, damping, and stiffness × matrices, respectively, and q( ),q ( ), andq ( ) are the position, velocity, and acceleration vectors, with components defined, respectively, as
After performing all the above described mathematical manipulations, it can be shown that each term in (28) is defined as follows:
in which was added to account with the damping of the plate, and
] ,
Radiated Sound
Power. The calculation of the panels' radiated sound power in the frequency domain requires a rearrangement of the time domain equations presented in (22) . For this end, knowing that = as previously described, one can write (28) in the following desired form in the frequency, , domain:
in which H( ) is system frequency response matrix, Y( ) is the response of the system to the excitation X( ), and vectors W( ) and P ext ( ) correspond, respectively, to the vectors q( ) and p ext ( ), written in the frequency domain. Considering the turbulent boundary layer random excitation as a stationary and homogeneous function, the spectral density of the system response is given by [25, 26] 
where superscripts * and denote Hermitian conjugate and matrix transpose, respectively, S ( ) is the spectral density matrix of the random excitation P ext ( ), and S ( ) is the spectral density matrix of the system response W( ). The matrix S ( ) corresponds to the generalized power density matrix of the turbulent boundary layer excitation, defined by
in which ( , , ) is defined by Corcos model [5, 21] and = − and = − are the spatial separations in the streamwise and spanwise directions of the plate, respectively. As shown in [1] [2] [3] , a combination of Corcos and Efimtsov models may be suitable to provide this excitation as follows:
where is the turbulent boundary layer convective velocity, = 0.1 and = 0.77 are empirical parameters used to provide the best agreement with the reality [27] , and ref ( ) is defined using Efimtsov model [7] . In [1] , an analytical form was derived for the matrix described in (34). The power spectral density function of the plate displacement can then 6 Shock and Vibration be defined as functions of the above matrix, respectively, plate area as:
and the overall power spectral density function can be found by integrating the individual power spectral densities over the plate area displacement, as following:
Analytical expressions for
and ( ) were obtained in [23] . The power spectral density matrix of the plate velocity can be determined from the power spectral density matrix of the plate displacement as follows:
Using these analytical forms, the plate radiated sound power function and the overall power spectral density function can be determined, respectively as follows:
in which Π( )
are the components of the radiation matrix, defined by
and S is defined in (38) and M( ) is evaluated numerically from the following equation:
where 0 and 0 are the density and the speed of sound of the interior fluid, respectively, = ( / 0 ) sin cos , = ( / 0 ) sin sin , in which and are the angles of the distance vector in space to the observation point [27] .
Structural Vibration and Sound Radiation Results
The formulation presented in the previous section is used to analyze four different rectangular composite sandwich panels of several sizes and materials properties, as shown in Table 1 . Additionally, four isotropic aluminum panels with similar sizes compared to the composite panels, as shown in Table 2 , are analyzed using the previous model developed by the author; results are then compared with the composite panels. All the eight panels are considered simply supported in the four boundaries and subjected to turbulent boundary layer excitation or to random noise excitation. The turbulent flow excitation is representative of Mach number 0.8 flight conditions, as described in Table 3 , and the random excitation represents a constant 40 Pascal random noise, that is, a sound pressure level of approximately 120 dB. The first ten natural frequencies obtained for the several panels analyzed are shown in Tables 4 and 5 , respectively, for composite and isotropic panels. Cases 1, 2, 3, and 4 of composite panels, as noted in Table 4 , are chosen for validation purposes as in studies [16, 18, 20] , respectively. It is shown that the calculated natural frequencies are in good agreement with the previous studies.
Composite Panels.
The results presented in this section discuss the radiated sound power and the structural displacement levels of the composite sandwich panels studied. As noted in Figure 4 , and similarly to what was observed in previous results and formulation dedicated to the analysis of isotropic panels, it is concluded that the overall RSP values differ from local RSP values, especially for the TBL excitation. It is also observed that turbulent flow can be responsible for exciting a higher number of panel modes compared to random noise, with TBL and random noise providing dissimilar levels of panels' sound radiation. position for the accurate prediction of sound and vibration, and it highlights the desired sensitivity of the developed mathematical framework to this factor. curve prediction may not be fully representative of RSP curve, even though they would be expected to follow similar trends. In addition, as similar to RSP results, it is concluded that predictions are dissimilar whether one is assuming TBL or random excitation. Case 1 panel shows higher values of both overall and local plate displacement PSD predictions. The results presented here are useful in the context of the prediction of noise radiation by composite panel solutions and its possible application, for example, in aerospace industry. Based on the obtained results, if one would choose which composite panel solution is most desirable for the purpose of manufacturing an aircraft fuselage panel, a smaller panel (Case 3) or a panel with a higher aspect ratio (Case 4) would be preferable for overall improved results. Longer and wider panels (i.e., Cases 1 and 2) are shown to greatly amplify the low frequency range. However, one would need to design the panel appropriately and with the targeted dimensions, such that the amplification of noise and vibration at certain frequencies would be avoided. For instance, Case 3 panel exhibits a general improved behaviour in terms of noise levels, but simultaneously it amplifies noise at frequencies near 300 Hz and 1000 Hz, while Case 4 panel amplifies results near 300 Hz. Comparing the size of these two panels, the surface area covered by one Case 1 panel corresponds to approximately the surface area covered by twenty Case 3 panels, with the twenty Case 3 panels representing approximately 9.4 kg of total mass compared to the 6.76 kg of a single Case 1 panel. As such, an improvement in the noise levels comes as a tradeoff in terms of increased weight. Additionally, it is shown that panels with thicker face layers and thinner core layer, specifically referring to Cases 3 and 4, have lower noise and vibration levels than panels with thinner face layers and thicker core layer, referring to Cases 1 and 2. However, as mentioned earlier, Cases 3 and 4 panels, with smaller dimensions and thicker face layers, have the problem of noise amplification at certain frequencies. Therefore, a panel which combines the properties of being shorter with a thicker core layer, versus thinner face layers, may potentially show an improved behaviour for reduced vibration and noise radiation, as well as lower noise amplification at isolated frequencies.
Isotropic Panels.
This section addresses the RSP and predictions for the isotropic panels analyzed, and results up to 1500 Hz are shown in Figures 6 and 7 . Four aluminum isotropic panels are investigated, considering TBL or random excitation, as follows: isotropic panels Cases 3 and 4 have the same dimensions, and , as the composite panels Cases 3 and 4, respectively; isotropic panels Cases 5 and 6 are considered with same dimensions, and , as Cases 3 and 4, respectively, but with increased thicknesses. This approach is taken with the purpose of posterior comparison between composite and isotropic panels' behaviours. In this context, isotropic panels Cases 3 and 4 are both 1 mm thick, while isotropic panels Cases 4 and 5 have thicknesses of 1.5 mm and 4 mm, respectively.
As noted in Figures 6 and 7 , the increase of panel thickness results in an expected shift in the panel natural frequencies to higher frequencies, as well as a shift in the modes amplified, in both RSP and results. This effect is observed in the TBL and random excitations. Furthermore, it is found that panels with higher aspect ratio (i.e., Cases 4 and 6) are generally characterized by having lower levels of sound radiation and vibration. As similarly noted for the composite panels, random and TBL excitations provide different RSP and predictions, and overall values differ from point values, and hence it is important to specify the location in the panel where the measurements/predictions are being taken. It is also noted that the random excitation remains as the excitation causing higher noise and vibration levels, for all cases, at the higher frequency range. This is also an expected effect, as the TBL excitation decreases towards the higher frequencies, while the random excitation provides a constant excitation over the frequency spectrum. By comparing Cases 3 and 5 panels, as shown from Figures 8 and 9 , it is noted that composite panel Case 3 exhibits an enhanced behaviour in comparison with isotropic panels Cases 3 and 5, both in RSP and displacement PSD levels. However, one should also note that Case 3 composite panel shows higher levels of noise and vibration at specific isolated frequencies, approximately near 300 Hz and 1000 Hz, for the overall RSP and for position 1 RSP results, as shown in Figure 8 . Considering the panel displacement PSD results, in Figure 9 , extra frequencies above 1000 Hz are also amplified, especially at position 2, for both TBL and random excitations. As described in Table 1 , the composite panel Case 3 has a thin core layer; thus, the unwanted amplification at these frequencies may be attenuated by increasing the core layer thickness. However, this modification on the panel thickness will increase the original panel weight of 0.47 kg, which already represents heavier solution compared to Cases 3 and 5 isotropic panels, with weights of 0.3 kg and 0.45 kg, respectively. Although the panel weight will increase if this change is performed, making this modification will in a later phase require less added acoustic insulation material to the aircraft walls, in the context of aircraft fuselage panels' application. As such, the composite panel may represent, with a slight increase in the panel weight, an optimized solution for both sound radiation and structural vibration in almost all the frequency spectra analyzed.
Composite versus Isotropic
Similar conclusions are obtained from Figures 10 and 11 , dedicated to the comparison of Cases 4 and 6 panels; that is, the composite panel represents an improved solution for almost all the frequency ranges studied. By analyzing the geometric differences between composite panels Cases 3 and 4, Case 4 has thicker face layers and is longer than Case 3 panel, having a much higher aspect ratio. The amplification of noise and vibration levels at specific frequencies is noted, as in Case 3 composite panel. Since face layers are thicker and this panel has a higher aspect ratio, this effect is more visible in composite Case 4 than in composite Case 3. As observed in results from Case 3, this could be enhanced by implementing an increase of the core layer thickness. While the increase in the face layer thickness is shown to decrease the levels of noise and vibration in both overall and localized predictions, it also can have an impact in the higher amplification of localized frequencies. Therefore, the face layers thickness increase should be performed carefully, by an accompanied increase in the core layer thickness, while simultaneously considering the weight constraints for the specific panels applications. A more detailed analysis will be required in order to formulate final conclusions about the optimum solutions for the panel in the context of aircraft application. For that, the insulation materials would also be considered to account for the respective added weight and effect in the sound radiation signature. However, typically the acoustic insulation materials will only have a higher impact in decreasing the sound levels at higher frequency ranges, and will therefore not improve significantly the problem of higher noise levels in the low frequency range, particularly observed in the isotropic solutions. As such, the composite panel solutions may appear to be a promising replacement to the isotropic panels, especially panels like Cases 3 and 4, which are already characterized by lower levels of both RSP and in the low frequency range. In further analysis, it will also be important to carefully address the noise amplification at isolated frequencies, by identifying a good combination of core and face layers, in terms of both materials selection and dimensions.
Conclusions
This study presents a mathematical method and framework on composite panels radiated sound and vibration. The panels are considered excited either by turbulent flow or by random noise. The turbulent flow corresponds to the typical excitation of an aircraft panel at flight cruise conditions, with a Mach number of 0.8. The effect of type of panel, of panel dimensions, and of panel thickness are evaluated. The turbulent flow excitation showed to excite a higher number of panel modes compared to random noise excitation, and resulted in dissimilar levels of both panel vibration and radiated sound with relation to the random excitation. This effect is more visible for composite than for isotropic panels, and therefore the pure random noise should not be used as representative of the turbulent flow excitation in real applications. Different properties on the composite panels are shown to yield dissimilar effects in the noise and vibration predictions. The effect of the panel size, specifically its length and width, is noted to have a significant effect on the panel performance in terms of noise radiation and vibration levels. Overall, smaller composite panels, or panels with higher aspect ratio, produced lower levels of radiated sound and vibration than longer and wider composite panels. Compared to isotropic panels, composite panels analyzed are shown to radiate lower noise levels, with the exception of specific natural frequencies which are amplified near 300 Hz and 1000 Hz. It is shown that this amplification can be significant for composite panels with thicker face layers and thinner core layer, and thus resulting in unwanted effect of increased sound radiated. Despite this effect, this drawback may potentially be corrected by increasing the sandwich core layer thickness. Increasing the core layer thickness will impact the panel weight, and hence the composite panels can represent a heavier solution compared to the isotropic panels examined. On the other hand, this approach may be beneficial in the design of composite panels in the context of aircraft panel applications, since these panels may require less acoustic insulation material added to the aircraft walls, as they already represent an improved design solution. Furthermore, acoustic insulation materials have a higher impact in decreasing sound levels at the high frequency ranges, and therefore it will not significantly improve the problem of higher noise levels at the low frequency range, particularly observed in the isotropic solutions. In this context, advanced and optimized composite panel configurations may be a promising replacement to the traditional isotropic panels for aerospace applications.
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